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Abstract. Both, in their natural environment and in a controlled exper-
imental setup, microswimmers regularly interact with surfaces. These
surfaces provide a steric boundary, both for the swimming motion and
the hydrodynamic ﬂow pattern. These eﬀects typically imply a strong
accumulation of microswimmers near surfaces. While some generic fea-
tures can be derived, details of the swimmer shape and propulsion
mechanism matter, which give rise to a broad range of adhesion phe-
nomena and have to be taken into account to predict the surface accu-
mulation for a given swimmer. We show in this minireview how numer-
ical simulations and analytic theory can be used to predict the accu-
mulation statistics for diﬀerent systems, with an emphasis on swimmer
shape, hydrodynamics interactions, and type of noisy dynamics.
1 Introduction
Lord Rothschild discovered already in 1963, more than 50 years ago, that live human
sperm cells accumulate at surfaces, while dead cells do not [1]. Thus, classical at-
tractive interactions, like electrostatic and van der Waals interactions, or interactions
mediated by receptor-ligand binding, are unlikely candidates for this surface accumu-
lation. Since then, a similar behaviour has been observed for several other swimming
micro-organisms, such as sperm of other species like bull [2] and sea-urchin, and bac-
teria like E. coli [3,4]. Thus, surface accumulation seems to be a generic behaviour
of microswimmers. This calls for a general physical description of this phenomenon
[5]. Furthermore, although surface accumulation seems to be generic, it does not have
to be identical for all self-propelled particles. They could be closer to the surface or
further away, and their retention time at the surface can be long or short.
A detailed understanding of the surface accumulation of microswimmers is relevant
in a large number of current and future applications [5–8]. Biological micro-organisms
ﬁnd many surfaces in their natural environments. For example, mammal sperm has
to move through the oviduct to reach the egg. Sperm of many ﬁshes can enter the
egg only at a particular spot, the micropyle, and thus has to locate it on the surface.
Bacteria move along surfaces where they form colonies and bioﬁlms [9]. Surfaces, in
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Fig. 1. Clover-leaf structures in microchannels can be employ to rectify microswimmer
motion. Particles moving in the wrong direction follow the surface of the leaf at are thereby
redirected by 180o. From Ref. [10]. (This ﬁgure is subject to copyright protection and is not
covered by a Creative Commons license.)
particular in microﬂuidic devices, can also be used to control and direct the motion
of natural and artiﬁcial microswimmers [5]. For example, clover-shaped segments in
a microchannel can work as a rectiﬁer [10], see Fig. 1. Also, swimming along surfaces
strongly aﬀects motion in curved microchannels [11], which can be used for particle
sorting.
How do microswimmers interact with surfaces? Several mechanisms are possible.
The ﬁrst and probably most obvious way of a self-propelled particle to encounter
a surface is by self-propulsion. As an active particle moves through the embedding
medium, or on a substrate, it will sooner or later approach a conﬁning wall, and
will collide with it. Now, an active particle typically is subject to some noise, which
can be either passive (thermal) or active. Therefore, it has some orientational persis-
tence, i.e. it keeps pushing in the same direction for some time related to the inverse
rotational diﬀusion constant. During this time, the particle remains at the wall or
moves parallel to the wall, which implies an increased particle density near or at the
wall. Thus, the competition of self-propulsion and orientational ﬂuctuations induces
an eﬀective wall adhesion. This behavior strongly depends on the particle shape and
type of orientational dynamics, as discussed in detail in Sect. 2. Here, highly ideal-
ized model systems are considered, which are employed to elucidate general physical
principles of self-propulsion and shape. Self-propelled Brownian rods are discussed in
Sect. 2.1, active Brownian spheres in Sect. 2.2, active asymmetric Brownian dumb-
bells in Sect. 2.3, and run-and-tumble particles in Sect. 2.4.
It is worth mentioning that active Brownian particles have become a standard
model of self-propelled particles with noisy dynamics, in particular for studies of
motility-induced phase separation and collective dynamics, see recent reviews [5,12],
and minireview [13] by T. Speck in this issue.
A second mechanisms is due to hydrodynamic interactions. As a microswimmer
usually swims in an aqueous environment, it sets the surrounding ﬂuid into motion as
it pushes itself forward. Since the ﬂuid motion is aﬀected by the presence of nearby
boundaries, the ﬂuid mediates an interaction between microswimmers and walls. The
eﬀects of hydrodynamic interaction on the surface accumulation and swimming be-
havior are described in Sect. 3. This interaction is rather simple in the far-ﬁeld, when
the distance of the microswimmer from the wall is much larger than the size of the
microswimmer itself, but becomes rather complex as the microswimmer comes close
to the surface, as discussed in Sect. 3.1. In particular, the behavior now depends on
the details of the swimming mechanism, such as the snake-like motion of sperm cells,
or the corkscrew-like motion of bacteria ﬂagella, as discussed in Sects 3.2 and 3.3,
respectively.
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Fig. 2. (Left) Probability density P (z) as function of the distance z from the surface, for
various propelling forces ft. The rod length is L  10a (where a is the rod diameter), the
walls are located at z = 0 and z = 5L. A solid gray line shows the density proﬁle of passive
rods. (Right) Surface excess s as a function of scaled rod length L/a, for various propelling
forces ft, as indicated. The (black) dashed-dotted line is the scaling result in the ballistic
regime (see Eq. (4)), the (gray) dashed lines are scaling results in the diﬀusive regime for
ft = 0.5 and ft = 0.05. From Ref. [15]. (This ﬁgure is subject to copyright protection and is
not covered by a Creative Commons license.)
2 Active Brownian particles near surfaces: Self-Propulsion, noise,
and shape matter
2.1 Self-propelled rods near surfaces
In order to elucidate the eﬀect of shape on the wall adhesion of a self-propelled particle
due to steric interactions, it is interesting to consider the behaviour of self-propelled
Brownian rods near walls — in the absence of any hydrodynamic interactions, but
with Brownian noise (see also minireview [14] by F. Peruani in this issue). In this
case, excluded-volume interactions favor parallel orientation along the wall, while
the thermal noise leads to ﬂuctuations of the rod orientation and thereby an eﬀective
repulsion from the wall. The competition of these two eﬀects gives rise to an interesting
adsorption behaviour [15,16].
Very close to the wall, the rod has access to less orientational conformations.
This leads to an entropic repulsion from the wall for passive Brownian rods. Results
of Brownian Dynamics simulations [15] are shown in Fig. 2. While passive rods are
depleted from the surface as expected, active rods show an increased probability
density near the surface, which grows with increasing propelling force density ft, see
Fig. 2(left). In addition to the propelling force, the behaviour of the rods strongly
depends on the rod length L. The surface excess — the integrated probability density
to ﬁnd a rod near the surface compared to a uniform density distribution — is shown
in Fig. 2(right). The results show that (i) propulsion always leads to an increases in
surface excess, and (ii) depending on ft, the surface excess initially decreases with
increasing L, but than increases again to reach a plateau nearly independent of ft
and L for large propelling forces and rod lengths [15]. In comparison with active
Brownian spheres (see Sect. 2.2 below), it is interesting to note that for rods, the
surface excess never reaches unity. Thus, the elongated shape leads to a reduction of
surface accumulation due to rapid alignment with the surface upon collision.
In order to understand the mechanism which is responsible for the eﬀective surface
adhesion of self-propelled rods, and to predict their behaviour as a function of rod
length, propulsive force, and wall separation, the analogy of the trajectories of self-
propelled rods with the conformations of semi-ﬂexible polymers can be exploited [15].
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Fig. 3. Schematic representation of the diﬀerent regimes of rod motion, near a wall for
time τw, and in the bulk for time τb, either in the ballistic or in the diﬀusive regime. From
Ref. [15]. (This ﬁgure is subject to copyright protection and is not covered by a Creative
Commons license.)
In the bulk, the rotational diﬀusion constant of a rod is DR ∼ kBT/(ηL3), which
implies a persistence length
ξp ∼ v/DR ∼ ηvL3/kBT (1)
of the trajectory. The probability p to ﬁnd the self-propelled rod in a layer of thickness
L/2 near the wall can be expressed as p = τw/(τw + τb), where τw is the time the rod
remains within this layer and τb is the time it is located in the bulk (with L/2 < z <
d− L/2).
To estimate τw, let us consider a rod, which at time t = 0 is oriented parallel to
the wall, and located very close to the wall with 0 < z  L/2. As the rod moves
forward, it is reﬂected when it hits the wall, and is thereby constrained to the positive
half-space z > 0, see Fig. 3. This situation is very similar to a semi-ﬂexible polymer,
which is ﬁxed at one end near the wall with tangent vector parallel to the wall; its
bending rigidity κ is determined by the persistence length, ξp = κ/kBT . In this case,
the distance of the polymers from the wall increases as 〈z〉 ∼ (kBT/κ)1/2x3/2 and
the orientation angle as 〈θ〉 ∼ (kBT/κ)1/2x1/2, where x = vt is the distance traveled
parallel to the wall [17,18]. The condition 〈z〉 = L/2 at t = τw then implies [15]
τw ∼ 1
v
(
L2ξp
)1/3 ∼
(
η
kBT
)1/3
L5/3 v−2/3. (2)
For the time τb for the rod to stay in the bulk ﬂuid, we have to distinguish
two regimes. In the ballistic regime, with ξp  d, the rod travels essentially on a
straight line between the walls, see Fig. 3. In this case, the bulk time is given by τb ∼
v−1d/ sin(θ), where θ is the angle of the rod with the surface when it leaves the wall
layer of thickness L/2. The polymer analogy explained above implies 〈θ〉 ∼ (L/ξp)1/3
for θ  1, so that [15]
τb ∼ d
v
(
ξp
L
)1/3
∼
(
η
kBT
)1/3
dL2/3 v−2/3. (3)
Thus, the scaling arguments predict in the ballistic regime the probability
p = L/(L+ aBd) (4)
to ﬁnd the rod in the wall layers, with a constant aB which has to be determined
numerically. Note that this expression is independent of the velocity v, because both
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Fig. 4. Schematic of active Brownian spheres moving near a surface. From Ref. [20]. (This
ﬁgure is subject to copyright protection and is not covered by a Creative Commons license.)
time scales τw and τb depend on v in the same way. Thus, scaling theory explains the
saturation of the excess surface density with increasing propelling force, as shown in
Fig. 2(right).
For a system of many self-propelled Brownian rods between two walls in two
dimensions, the rods moving along the walls in opposite directions block each other
and lead to the formation of “hedgehog-like” clusters [19].
2.2 Active Brownian spheres in confinement
We have seen in the previous section that the alignment of rods with the surface
plays an important role in their behaviour near surfaces. What happens if no such
alignment mechanism is present? This question can be addressed by studying self-
propelled Brownian spheres, where the sphere orientation is completely independent
of their spatial position, while the propulsion still drives the particles toward the
walls, as shown schematically in Fig. 4.
Results of Brownian Dynamics simulations of active Brownian spheres in conﬁne-
ment between two hard walls are presented in Fig. 5. where the surface excess s is
shown as a function of the Pe´clet number Pe = v0/
√
DRDT for diﬀerent channel
widths. These results demonstrate that the (normalized) probability density ρ(Δz)
to ﬁnd a particle at a distance Δz from the wall is strongly peaked close to the wall
for Pe  5. Note that s is a monotonically increasing function of Pe, and approaches
unity for large Pe (complete adhesion).
The decoupling of the rotational degrees of freedom from translational motion
allows for an analytic treatment via the Fokker-Planck equation [21]
∂tρ(z, θ, t) = DR
1
sin(θ)
∂θ [sin(θ)∂θρ(z, θ, t)]− v0 cos(θ)∂zρ(z, θ, t) +DT∂2zρ(z, θ, t),
(5)
where the angle θ = 0 corresponds to particles oriented in the positive z-direction.
This equation already demonstrates the main origin of surface accumulation. The
rotational diﬀusion is independent of the spatial position, but particles are driven
to one of the chamber walls depending on their orientation. Thus particles oriented
toward the top, accumulate at the top wall, those pointing down, accumulate at the
bottom wall. Less particles remain in the center. Solutions for small Pe´clet number and
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Fig. 5. (Left) A self-propelled Brownian sphere of radius R is conﬁned between two solid
walls at z = ±(d + R). The orientation of the propulsion direction relative to the z-axis, is
denoted by θ. (Middle) Probability density ρ(Δz) to ﬁnd a particle at a distance Δz from
the wall. At zero Pe´clet number Pe = v0/
√
DRDT , the probability density is uniform beyond
the short range of the repulsive wall. With increasing Pe´clet number particles accumulate
near the wall. Results are shown for a system with wall separation d/λ = 15.6, where
λ =
√
DT /DR. (Right) Surface excess s as a function of Pe´clet number Pe for various
wall separations d, as indicated. Results from analytic calculation for very narrow channels
(dotted lines) and for small Pe´clet numbers (dashed lines) are also shown. All analytic
expression have no adjustable parameters. From Ref. [21]. (This ﬁgure is subject to copyright
protection and is not covered by a Creative Commons license.)
narrow channels are depicted in Fig. 5, and work well within their respective limits
[21]. For example for narrow channels the particle orientation can be considered a
“slow variable”, and the Fokker-Plank equation simpliﬁes to a particle in an external
ﬁeld with a sedimentation velocity v0 cos(θ). Thus the probability density ρ(z, θ) is
found to be [21]
ρ(z, θ) =
Pedρ0 cos(θ)
π sinh(Ped cos(θ))
exp
[
v0 cos(θ)z
d
]
(6)
with Ped = v0d/D. Thus, the probability density of self-propelled spheres in narrow
channels is also described by a Boltzmann-like distribution, as for passive Brownian
particles in a gravitational ﬁeld, but with an orientation-dependent ﬁeld strength.
2.3 Active Brownian dumbbells: Duality of shape asymmetry and wall curvature
Most theoretical studies of simple model swimmers, both in bulk and in conﬁnement,
have considered so far cells with a symmetric body shape, in particular rods and
spherical particles. In reality, however, cells usually do not exhibit such high symmetry
and the stroke-averaged shape of sperm or Chlamydomonas algae rather resembles a
forward or a backward swimming cone, respectively. This raises the question how a
broken fore-aft symmetry of the particle shape alters the wall accumulation of cells.
In order to elucidate shape eﬀects on eﬀective adsorption, we neglect hydro-
dynamic interactions and study a generic model of an active Brownian dumbbell
with unequal bead sizes [22]. Our Brownian dynamics simulation show that swim-
mers with a spermlike (polar) shape exhibit huge wall trapping times due to a
non-vanishing component of the propulsion force directed toward the wall. This com-
ponent of the propulsion force generates an eﬀective barrier for reorientation, which
has to be crossed due to (passive or active) orientational ﬂuctuations before the swim-
mer can detach from the wall. Therefore, the trapping times increase exponentially
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Fig. 6. (a) An apolar swimmer conﬁned within a spherical cavity of radius R is equivalent to
a polar swimmer close to a ﬂat wall – provided the angle θ0  −l/2R between the propulsion
force of the apolar swimmer and the tangent plane of the cavity at the front bead, equals
the asymmetry (opening angle) θ0  (a1 − a2)/l of the polar particle, where a1 and a2 are
the radii of the rear and front bead of the dumbbell, respectively, and l is the bond length.
(b) A polar particle near a convex boundary behaves like an apolar swimmer close to a ﬂat
wall if (a1 − a2)/l  −l/2R. From Ref. [22]. (This ﬁgure is subject to copyright protection
and is not covered by a Creative Commons license.)
with the shape asymmetry (opening angle) θ0 and the propulsion strength (free-
swimming velocity) V and could, for realistic parameters of θ0 and V , exceed trapping
times due to near-ﬁeld hydrodynamic forces [15,23,24]. In contrast, microswimmers
with Chlamydomonas-like (antipolar) shape behave similarly to symmetric rod-like
particles.
Both in a natural environment and in microﬂuidic devices, microswimmers usually
do not swim in straight, but rather in curved or branching microchannels. Therefore,
the inﬂuence of surface curvature on accumulation of microswimmers is of great in-
terest [25]. Based on the analysis of an asymmetric particle near a ﬂat boundary,
we can predict a direct duality relation between the eﬀect of shape asymmetry and
surface curvature on accumulation, as illustrated in Fig. 6. For example, a polar mi-
croswimmer close to a ﬂat wall behaves similarly to an apolar particle near a concave
surface (e.g., a cavity), see Fig. 6(a). In both cases, the velocity vector in the stable
conformation forms an angle with the tangent plane to the wall at the front bead,
so that the microswimmer points toward the wall and thus should have very long
retention times [22]. Second, the force of a polar microswimmer towards the wall can
be partially or fully compensated by a convex wall, i.e., for a microswimmer moving
at the outer surface of a sphere of radius R, see Fig. 6(b). For full compensation,
the same accumulation behaviour is predicted as for an apolar particle at a planar
wall. Note that, in contrast, an apolar microswimmer would strongly scatter at a con-
vex wall. Thus, shape polarity provides the possibility for microswimmers to move
along curved surfaces. This is of high relevance for the design of microswimmers with
controlled wall-adhesion properties.
2.4 Run-and-tumble particles in confinement
The simpliﬁcation from a swimmer in conﬁnement to a self propelled rod or sphere,
can be taken even another step further. The run-and-tumble dynamics famous from
E. coli chemotaxis [27] is in its idealized form of a random walker with ﬁnite step
length well suited for mathematical treatment.
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Fig. 7. (left) Schematic of run-and-tumble dynamics. A “run” of the particle with a velocity
v for a time τr is followed by a tumbling event, resulting in a new orientation θ. The particle
is conﬁned between two parallel walls at z = ±d. z∗ denotes the distance from the walls.
(right) Particle density distribution ρ(z) for various run lengths L. The solid line is the
exact analytic solution for the particle density in three dimensions for run lengths larger
than the channel width 2d. From Ref. [26]. (This ﬁgure is subject to copyright protection
and is not covered by a Creative Commons license.)
During chemotaxis, E. coli swim in relative straight “runs” followed by “tumbling
events” in which the bacterium reorients. The idealized version (see Fig. 7) we will
study here, is similar to a random walk or Le´vy ﬂight. During the instantaneous
tumbling event, the swimmer chooses a direction completely at random. The following
straight run lasts either for a ﬁxed time τ , or is chosen from an exponential distribution
with mean τ .
In the bulk, far from surfaces, it has been shown that run-and-tumble dynamics
and active Brownian motion are equivalent [28–30]. Even in slowly varying external
potential U(z), this equivalence holds. For example, the density distribution is found
to be [28]
ρ(z) ∼ exp[−βU(z)], with β = μα
v20
=
μ
D
, (7)
where α is the tumbling rate, μ the particle mobility (the inverse friction coeﬃcient),
and D = v20/(αd) the diﬀusivity (for spatial dimensionality d). This is exactly the
same functional form of the Boltzmann distribution in thermal equilibrium, but now
with an eﬀective temperature kBTeff = 1/β. This eﬀective temperature is typically
much larger than the thermodynamic temperature for self-propelled particles. How-
ever, this equivalence breaks down in the vicinity of walls and surfaces [26].
For the study of run-and-tumble motion near walls and in conﬁnement [26], we
do not study the particle density, but the density of tumbling events Φ. As tumbling
events have no orientation, the tumbling density only depends on the distance to the
surface z. We arrive thus at an one-dimensional problem. The particle orientation
is eﬀectively integrated out. The actual particle density can be obtained from the
tumbling density by a convolution integral. Alternatively, it is also possible to work
directly with the combined particle-orientation density [31]. While a bit more involved,
it oﬀers direct access to the mean particle orientation.
The Fokker-Planck equation for the tumbling density can be obtained from simple
considerations. A particle tumbling at a distance to the surface z will choose a random
orientation and run straight for a distance L = v0τ . This results in a new position a−
Δz an the process starts anew. If we call the probability of a certain z−displacement
(or transfer function) p(Δz), the tumbling event density evolves as [26]
φ(z, t+ τr) =
∫ +d
−d
φ(z′, t)p(z − z′)dz′. (8)
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This however does not include the solid boundaries yet. In these dynamics however,
this is rather simple. Particles just can not penetrate the wall, that is to say, if they
hit the wall they remain there. This results in a delta peak of the tumbling density
at the wall,
φ(±d, t) = 0.5φs(t)δ(z ± d) (9)
0.5φs(t+ τr) =
∫ d
−d
φ(z′, t)P (−z′ − d)dz′ (10)
where φs is the probability to ﬁnd a tumbling event at the wall, and P is the cumu-
lative distribution function of p, i.e. P (z) =
∫ z
−∞ p(z
′)dz′.
Already from this simple intermediate result, we see that run-and-tumble particles
will accumulate at the wall. In a rather thin channel it is quite simple: A particle
tumbles at the wall. Half the time it just remains at the wall, in the rest of the cases,
there is a high chance, that the run carries the particle straight over to the other wall.
Thus most of the tumbling events happen at the wall.
To calculate this in more detail, one has to obtain the transfer function. The trans-
fer function is the number of microstates (possible orientations), which are compatible
with a certain displacement Δz perpendicular to the wall. The number of microstates
is proportional to the fraction of the surface area of the sphere of motion vectors,
which generates a vertical displacement Δz. For example, in the case of constant run
length L in three dimensions, the transfer function is thus determined by [26]
p(z)dz =
1
4πL2
∫ 2π
0
dϕ
∫ arccos(z)
arccos(z+dz)
dθ L sin(θ)
= − 1
2L
cos(θ)|arccos(z)arccos(z+dz)
=
1
2L
dz
for |z| < L. Thus, the transition probability for vertical displacements is uniform in
three dimensions. In two dimensions, an equivalent derivation shows that the transfer
function diverges instead at ±L
p(2,c)(z) =
1
πL
√
1− (z/L)2Θ(L− z)Θ(L+ z). (11)
The discontinuity at Δz = ±L leads to peaks and interference patterns in the tum-
bling density (see Fig. 8). The simplicity of the 3D transfer function allows for an
analytic solution for narrow channels with 2d < L,
φ(3,c)(z) =
1
2L
+
1− d/L
2
[δ(z − d) + δ(z + d)] (12)
The solution for two dimensions or larger channel widths can only be obtained with
certain simpliﬁcations. See Ref. [26] for more details.
In the case of more general run length distributions, one simply uses the condi-
tional probability to obtain the transfer function:
p(n,len)(z) =
∫ ∞
z
P(n,c)(z|L′)plen(L′)dL′ (13)
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Fig. 8. Tumbling density proﬁles φ(z) for (top) two and (bottom) three dimensions. (left)
Scaled surface density φsd/L as a function of the ratio d/L of channel width and run length.
Solid lines are analytical approximations for narrow channels (see text), dashed lines are ﬁts
to a large-channel approximation. Note that for d L, (φsd/L) approaches α/2. (center)
Scaled tumbling density φ(z∗)/φb as a function of the scaled distance z∗/L = (z+d)/L from
the wall. Dashed lines show the approximation φ1(z
∗), which is obtained from a ﬁrst-order
iteration of Eq. (8) (see text). (right) Density of tumbling events φ(z/L) inside the channel
for various (constant) run lengths. For 2d ≥ L, the presence of the two walls induces strong
density modulations. From Ref. [26]. (This ﬁgure is subject to copyright protection and is
not covered by a Creative Commons license.)
with the run-length distribution plen(L
′) For exponential run-length distributions, the
broadness of the run length distribution destroys the peaks and valleys away from
the wall, and only an increased density at the wall is left (see Fig. 8).
These calculations are, however, only valid for an idealized run-and-tumble dy-
namics. For the description of the behaviour of real bacteria, a certain persistence in
the tumbling events [32] and the inﬂuence of walls on tumbling frequency [33] probably
has to be taken into account, and may signiﬁcantly aﬀect the results. Thus, it remains
challenging to understand and predict the dynamics of real E. coli in conﬁnement.
3 Hydrodynamic interactions of microswimmers with surfaces
3.1 Microswimmer hydrodynamics
Most microswimmers move autonomously, with no external force applied, and hence
the total interaction force of the swimmer on the ﬂuid, and vice versa, vanishes.
In the simplest case, which actually applies to many microswimmers like bacteria,
spermatozoa, or algae, the far-ﬁeld hydrodynamics (at distances from the swimmer
much larger than its size) can be well described by a force dipole [34,35]. For a detailed
description and discussion of the dipole ﬂow ﬁeld see minireview [36] by R.G. Winkler
in this issue. This approximation has been conﬁrmed experimentally for E. coli [37].
Two classes of such dipole swimmers can be distinguished, as shown schematically in
Fig. 9. If the swimmer has its motor in the back, and the passive body drags along
the surrounding ﬂuid in front, the characteristic ﬂow ﬁeld of a “pusher” emerges, see
Fig. 9(a). Similarly, if the swimmer has its motor in the front, and the passive body
drags along the surrounding ﬂuid behind, the characteristic ﬂow ﬁeld of a “puller”
develops, see Fig. 9(b). Thus, sperm, E. coli and salmonella are pushers, because they
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Fig. 9. Schematics of the ﬂow ﬁeld of dipole swimmers, (a) pusher (represented by a sperm
cell) and (b) puller (represented by the green alga C. reinhardtii). From Ref. [5]. (This ﬁgure
is subject to copyright protection and is not covered by a Creative Commons license.)
have active propelling ﬂagella in the rear, and a passive head in the front (for details,
see minireview [38] by L. Alvarez & U.B. Kaupp for sperm). In contrast, the green
alga C. reinhardtii is a puller, because the two ﬂagella in the front push the ﬂuid
backwards, while the body in the rear remains passive, like for a human breast-stroke
swimmer (for details, see minireview [39] by M. Polin in this issue).
The magnitude of the ﬂow ﬁeld is measured by dipole strength P , which is given
by the product of dipole length and its force (positive for pushers and negative for
pullers). It is important to notice that the ﬂow ﬁelds of pushers and pullers are
identical, but with opposite ﬂow directions. This has important consequences for
the interactions between microswimmers, and of microswimmers with walls, as will
be explained below. The dipole force of sperm can be estimated from the friction
force of the whole body, which balances the pushing force of the tail, and is thus
proportional to ηvL, where v is the swimming velocity and L the sperm length. The
dipole strength therefore scales as
P ∼ ηvL2 . (14)
A ﬁrst idea about the eﬀect of hydrodynamic interactions on the dynamics of
microswimmers near surfaces can be obtained from this far-ﬁeld approximation, which
applies when the size of the swimmer is much smaller than its distance from the
surface. In this limit, analytical expressions for the torque on a swimmer and its drag
velocity towards the surface can be obtained [40]. For a swimmer with an orientation
angle θ of the dipole with respect to the vertical (z) direction (i.e. θ = 90◦ when the
swimmer moves parallel to the wall), the induced velocity at a distance z away from
the no-slip wall is given by [40]
uz(θ, z) = − 3P
64πηz2
(1− 3 cos2 θ) . (15)
Equation (15) allows several interesting predictions. For the discussion, we focus
on the case of pushers (like sperm). First, the hydrodynamic interaction is attrac-
tive for pushers oriented nearly parallel to the wall (with θ near 90◦), but becomes
repulsive for pushers oriented nearly perpendicular to the wall (with θ near 0◦). Sec-
ond, the hydrodynamic interaction is long-ranged, with a 1/z2 decay with increasing
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Fig. 10. Trapping of microswimmers by spherical colloids due to hydrodynamic interactions.
(a) Experiments with self propelled Pt-Au rods in H2O2 solution interacting with colloidal
obstacles [41]. (b) Hydrodynamic interactions trap a force dipole on a spherical colloid.
The ﬂow ﬁeld looks similar to the one of a dipole next to a planar wall, and indeed the
hydrodynamic interactions are very similar [23]. Reproduced with permission from Refs. [41]
and [23]. (This ﬁgure is subject to copyright protection and is not covered by a Creative
Commons license.)
distance from the surface. The insertion of the order-of-magnitude estimate for the
dipole strength of Eq. (14) shows that the drift towards the surface is proportional
to the swimmer velocity and to (z/L)2. Finally, the hydrodynamic interaction not
only generates a force on the swimmer, but also a torque [40]. It turns out that this
torque always acts to align pushers parallel to the surface – the orientation in which
the hydrodynamic force is attractive.
This hydrodynamic torque and attraction of microswimmers work similarly close
to curved surfaces [23]. It was found experimentally that chemically-powered diﬀu-
sophoretic rod-like microswimmers are captured by larger colloids (see Fig. 10). The
moving rods travel through the ﬂuid, and occasionally encounter suspended spherical
colloids. If the encounter is close enough, they typically circle around it a few times,
before departing again. Analytical and numerical calculations [23] show that a force
dipole creates a hydrodynamic torque orienting the swimmer tangentially to a spher-
ical surface, and generates an attractive force, similarly as for planar walls. However,
theses forces now depend on the sphere radius, and, more importantly are counter-
balanced by a simple geometrical eﬀect — as a particle traveling tangentially to the
surface, will quickly move away, and also point away, from the surface. This balance
between hydrodynamic attraction, and “geometric repulsion” leads to a critical mini-
mal colloid size which is necessary to to trap microswimmers by hydrodynamic dipole
interactions alone. The calculations show that a microswimmer approaching a smaller
spherical colloid is simply scattered [23]. Contrary to the trapping by planar walls,
the ﬁnite size of the colloid results in a very small basin of attraction (see Fig. 11), i.e.
a particle moving parallel to the colloids surface needs to be very close to the colloid
itself in order to get trapped. Interestingly, the size of the attractive region does not
scale linear with the colloid size, but with a sublinear power law A1/5 [23].
However, in the experiments, the self-propelled rods also circle around very small
colloids [41] (see Fig. 10). It remains an open question whether this behavior is due
to the hydrodynamic near-ﬁeld interactions, steric interactions, or the disturbance of
the concentration gradient around the swimmer. Furthermore, it would be interest-
ing to study the combined eﬀect of shape asymmetry (as discussed in Sect. 2.3) and
hydrodynamic attraction on the behavior of microswimmers near curved surfaces.
Similarly, the interaction of two microswimmers at long distances is deter-
mined by their dipole ﬂow ﬁelds. The dipole approximation again predicts that the
Microswimmers – From Single Particle Motion to Collective Behaviour 2345
Fig. 11. Basin of attraction for trapping of microswimmers by spherical colloids of radius
A, due to hydrodynamic interactions. For a spherical swimmer placed initially parallel to
the surface, h∗ denotes the critical initial distance from the colloid above which the particle
escapes, and below which entrapment ensues. (a) The critical initial distance for a selection
of dimensionless dipole strengths α, shown where the colloid size is larger than the critical
size for entrapment. (b) The curve collapses upon plotting against the squared dimensionless
dipole strength times the colloids radius, α2A, to a power law scaling with exponent 1/5. The
solid line is the prediction from analytic calculations (inset). Reproduced with permission
from Ref. [23]. (This ﬁgure is subject to copyright protection and is not covered by a Creative
Commons license.)
interactions of pushers and pullers have opposite sign, because their dipole strengths
P have opposite signs. This prediction does not only hold in the far ﬁeld, but – qual-
itatively – also when two microswimmers approach each other closely. This behav-
iour can be studied explicitly by considering the ﬂow ﬁelds of two parallel-swimming
self-propelled spheres [42] at smaller distances. A model of a spherical particle with
a ﬁxed (cylindrically symmetric) ﬂuid-velocity pattern on its surface is called a
“squirmer” [43]. Pushers can be described in this model by having a fast backward
surface velocity on the trailing hemisphere, and a slow or vanishing forward velocity on
the foreward facing hemisphere. The results of mesoscale hydrodynamics simulations
(for details about such simulation techniques, see minireview [36] by R.G. Winkler
in this issue) of two squirmers shown in Fig. 12 demonstrate that for pushers, the
fast backward ﬂow velocity in the rear part extracts ﬂuid from the gap between the
swimmers, and thereby induces attraction (Fig. 12a); in contrast, for pullers, the fast
backward ﬂow velocity in the front part injects ﬂuid into the gap, and thereby induces
repulsion (Fig. 12b) [42]. At the small squirmer separation show in Fig. 12, the inter-
action is dominated by the hydrodynamic near-ﬁeld, and the far-ﬁeld approximation
does not allow quantitative predictions anymore. In this case, the details of the spe-
ciﬁc swimmer at hand become important. In the following, we thus study exemplarily
two model swimmers: Sperm cells, that swim by the snake-like motion of their tail,
and bacteria, that propel by a rotating cork-skrew shaped ﬁlament.
The squirmer model has also been employed to study the eﬀects of the hydrody-
namic near ﬁeld on the swimming motion near surfaces [44,45].
3.2 Sperm motion near surfaces
A second contribution comes from the sperms asymmetry. The tails beat en-
velope is much bigger than the head, creating an eﬀective triangle like shape.
This front-back asymmetry can create giant surface accumulation [22]. Indeed, sim-
ulations suggest [46] that the beat pattern creates a sideways outﬂow at the tail.
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Fig. 12. Velocity ﬁelds for a pair of squirmers with ﬁxed distance and ﬁxed parallel ori-
entation, for (left) pusher and (right) puller, with Pe´clet number Pe = 1155. Swimmers
move to the right. Streamlines serve as a guide to the eye. Only a fraction of the simulation
box is shown. (Due to the ﬁnite resolution of the measured velocity ﬁeld, some streamlines
(unphysically) end on the squirmers’ surfaces.) From Ref. [42]. (This ﬁgure is subject to
copyright protection and is not covered by a Creative Commons license.)
This creates a repulsion of the tail, resulting in a torque, leading to the sperm cell
pointing towards the wall. It was later conﬁrmed experimentally that indeed sperm
seem to be swimming at the wall, with a small but ﬁnite angle pointing against the
surface [11].
Thus the adhesion of sperm cells to surfaces is a combination of several diﬀerent
contributions, and it is hard to identify which is the dominant one. Furthermore,
sperm do not swim in straight lines, but typically on preferably right handed circles
(see Fig. 14). Simulations show that a asymmetry in the head can be suﬃcient to ex-
plain not only circular motion, but also the preferred handedness. One can speculate
that sperm use this kind of asymmetry to navigate towards the egg in drifting circles
[47] or helices [48].
Generic models can help to understand how diﬀerent eﬀects contribute to the
swimmer-surface interaction. However, each microswimmer has its own combination
of contributions, and often additional non universal eﬀects matter. Sperm cells for
example swim very close to nearby walls. Indeed the distance to the wall is much
smaller than the sperms length, rendering the multipole expansion invalid. Neverthe-
less Sperm-cell-like beating close to a wall creates a ﬂow ﬁeld, very similar to that of
a pusher (see Fig. 13).
The circular motion of sperm near surfaces also gives rise to an interesting collec-
tive behaviour at higher densities – where sperm form quite regular arrays of vortices
in which several sperm swim together in tight circles [49,50] – and in shear ﬂow –
where sperm align against the ﬂow direction and can swim upstream with a ﬁxed
deviation angle (rheotaxis) [51–53]. A discussion of more generic aspects of circle
swimmers is given in the minireview [54] by H. Lo¨wen in this issue; an overview of
the behaviour of microswimmers in external (ﬂow) ﬁelds is provided in the minireview
[55] by H. Stark.
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Fig. 13. Averaged ﬂow ﬁeld in the vicinity of a sperm cell adhering to a wall. (a) Plane
perpendicular to the wall, and (b) plane parallel to the wall, with both planes containing the
average sperm shape. A snapshot of a sperm is superimposed. The ﬂow ﬁeld generated by
the beating tail is directed away from the sperm along their swimming direction and towards
the sperm along its side. From Ref. [46]. (This ﬁgure is subject to copyright protection and
is not covered by a Creative Commons license.)
Fig. 14. (a) Sketch of forces responsible for the adhesion of sperm at a surface. Top: Without
hydrodynamic interactions, the beating-plane of adhering sperm is oriented perpendicular to
the surface. Bottom: With hydrodynamic interactions, the beating-plane is oriented parallel
to the surface. (b) Sperm (model with curved and elastically deformable midpiece) with large
preferred curvature (c
(m)
0 Lm = 1) at a surface. The head touches the wall and blocks further
rotation. The beating plane is approximately perpendicular to the surface. From Ref. [46].
(This ﬁgure is subject to copyright protection and is not covered by a Creative Commons
license.)
3.3 Bacterial motion close to homogeneous and striped surfaces
Most bacteria exploit helical ﬁlaments for propulsion, driven by rotary motors located
in their cell membrane. Prominent examples of peritrichous bacteria, which possess
numerous ﬂagella, are Escherichia coli, Salmonella typhimurium, Rhizobium lupini,
2348 The European Physical Journal Special Topics
(b)(a)
Fig. 15. (a) Flow and pressure ﬁelds, which develop for a rotating body near a planar or
curved wall. From Ref. [62]. (b) Deﬁnition of the Navier slip length b for simple shear ﬂow
near a solid wall. (This ﬁgure is subject to copyright protection and is not covered by a
Creative Commons license.)
or Proteus mirabilis to name just a few. In a bulk ﬂuid, the bacteria move in a straight
manner (run), with all ﬂagella forming a bundle, interrupted by abrupt changes of
the swimming direction (tumble) induced by disintegration of the bundle [27], as
mentioned above. The presence of a surface drastically alters the swimming behaviour.
For instance, the non-tumbling mutant of E. coli swims in a clockwise (CW) circular
trajectory close to a solid boundary [4,56] and a counterclockwise (CCW) trajectory
close to a liquid-air interface [56–58]. Hence, bacteria are able to “sense” the properties
of a nearby surface, an aspect of great importance for surface selection and attachment
in the early stages of bioﬁlm formation or infection [4,59,60]. Also, a theoretical
understanding of hydrodynamic interactions between swimming bacteria and surfaces
not only sheds light on selective surface attachment, but opens an avenue for the
design of microﬂuidic devices to control and guide bacterial motion [3] for separation,
trapping, stirring, etc. [61].
The swimming behaviour of bacteria near surfaces is governed by hydrodynamic
forces [5,34] and, hence, the CW and CCW circular trajectories of E. coli have to be
explained in terms of hydrodynamic interactions. The basic physical mechanism is as
follows. The rotary motors generate rotations of the ﬂagellar bundle and of the cell
body in opposite directions, such that the whole swimmer experience no net (external)
torque. Now, a rotating body near a wall, with the axis of rotation parallel to the
wall, experiences two forces induced by the ﬂow, as illustrated in Fig. 15a. The ﬁrst
force is due to the velocity gradient of the ﬂuid in the gap between the wall and the
rotating body; it pushes the body in the “rolling” direction. The second force is due
to a pressure diﬀerence between the two sides of the cylinder, which arises from the
compression of the ﬂuid into the gap on one side, and the decompression on the other
side; it pushes the body against the rolling direction. The actual motion depends on
the balance between these two forces. For a no-slip wall, they exactly cancel for an
inﬁnitely long cylinder, while the shear force dominates for a sphere (and a short
spherocylinder) and generates a motion in the rolling direction. This implies that –
in addition to the propulsive forward force – the bacterial body experiences a force to
the right, the ﬂagellar bundle to the left (due to the opposite directions of rotation),
which results in a CW circling motion close to the wall.
Fluid slip on a surface at z = 0 is characterized by the slip length b, which is
deﬁned by the boundary condition
vs = b
∂v
∂z
(16)
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Fig. 16. Swimming bacteria sense the slip of its nearby surface. (a) The model bacterium
of length  consists of a spherocylindrical body of length b and diameter d and four helical
ﬂagella each turned by a motor torque. The bacterial geometry and ﬂagellar properties are in
agreement with experiments of E. coli. The body and the ﬂagellar bundle counter rotate. h is
the gap width between the body and the surface. (b) CW, (c) noisy straight, and (d) CCW
trajectories from hydrodynamic simulations of a bacterium swimming near homogeneous
surfaces with diﬀerent slip lengths b, as indicated. From Ref. [63]. (This ﬁgure is subject to
copyright protection and is not covered by a Creative Commons license.)
for the ﬂuid ﬂow ﬁeld v(r, t), where vs is the ﬂuid velocity at the surface, as illus-
trated in Fig. 15b. Now, a ﬁnite slip length b implies that the ﬂuid velocity gradient in
the gap between the rotating body and the wall is reduced, so that the corresponding
force contribution is reduced compared to the no-slip case. For a perfect-slip wall,
with b = ∞, the pressure contribution dominates, and the bacterium performs a
CCW motion.
The dependence of the motion on the slip length can be studied numerically by
a bacterium model displayed in Fig. 16a. This model consists of a spherocylindrical
body and several helical ﬂagella, which are driven by a motor torque at their an-
choring points in the cell wall [63,64]. The bacterium model is then embedded in a
particle-based mesoscopic solvent to describe hydrodynamic ﬂows and interactions,
as explained in more detail in the minireview [36] by R.G. Winkler in this issue. Sim-
ulations with this model reproduce the two limiting cases of slip lengths very well, see
Fig. 16b,d. Obviously, there should be an intermediate value of the slip length, where
the bacterium swims on a straight line, which is predicted from the simulations for
E. coli to occur for b = 30 nm. This is an interesting result, because it shows that
the bacterium motion is sensitive to changes in slip length on the tens of nanometer
scale. Swimming bacteria could therefore act as slip-length sensor on this scale of slip
lengths.
The possibility of manipulating the bacterial motion by surface modiﬁcation can
be taken one step further by using structured walls [63]. By using striped surfaces,
for which neighboring stripes induce an opposite sense of circular motion, bacteria
can be made to follow stripe boundaries in a snaking-like motion, as they are always
directed back to the stripe boundary by the alternating CW and CCW motions. Of
course, this snaking motion is only possible if the stripe width L is large enough that
the bacterium does not hit a second stripe boundary before being able to return to
the ﬁrst. Therefore, in the case that L is smaller than the circle radius R, the bacterial
motion is hardly aﬀected by the surface structure. This is illustrated in Fig. 17a,b.
As a results, the diﬀusional motion depends strongly on the ratio L/R, and becomes
highly anisotropic for L/R > 1, as shown in Fig. 17c. Striped surfaces can therefore
be employed to separate bacteria with diﬀerent trajectory radii!
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Fig. 17. Active Brownian rod swimming on a “symmetric” striped surface with curvature
radii equal in magnitude but opposite in sign. Trajectories for (a) narrow (L/R = 0.25) and
(b) broad (L/R = 6) stripes from simulations with starting points indicated in dark blue.
(c) The ratio of mean square displacement (MSD) parallel (x) and perpendicular (y) to the
stripes as a function of stripe width L for Δt equal the rotational diﬀusion time τr and for
Δt → ∞. From Ref. [63]. (This ﬁgure is subject to copyright protection and is not covered
by a Creative Commons license.)
4 Outlook
Surfaces and conﬁnement provide a multitude of possibilities to control the behav-
iour of microswimmers. A detailed understanding of the mechanisms at play allows
for the design of microﬂuidic devices tailored for speciﬁc tasks. Eﬀects like surface ad-
hesion or circular swimming can be exploited to sort microswimmers, perform surface
analysis, or concentrate microswimmers and perform tasks on other particles. Discov-
eries of new surface eﬀects will enable us to conceive novel applications of conﬁned
microswimmers for speciﬁc purposes.
While the simplest of the fundamental questions have been answered recently,
many more questions remain. How do hydrodynamic interactions look like for more
complex conﬁning geometries, i.e. beyond the inﬁnite planar wall? What is the eﬀect
of curvature of surfaces and microchannels? What is the role of (active) noise in
competition with hydrodynamics [24]? How is the swimming motion near surfaces
aﬀected by the viscoelasticity of the ﬂuid [65]? What is the swim pressure exerted
on a wall by a microswimmer suspension, and how does it depend on the swimmer
shape, the wall interaction, and hydroynamics [22,31,66–70]? How does a surface
inﬂuence the collective behaviour? These, and many more, questions will have to be
addressed, before we can truly say we understand the interactions of microswimmers
in conﬁnement.
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